The western corn rootworm, Diabrotica virgifera virgifera LeConte (Coleoptera: Chrysomelidae), is arguably the single most important pest of Þeld corn, Zea mays L., throughout most of the Corn Belt both in terms of crop losses and the use of synthetic insecticides. D. v. virgifera has been suggested to have originated from Central America, where it is believed to have used corn as a larval host for Ϸ5,000 yr based on the range of native corn with resistance to rootworms (Melhus et al. 1954, Krysan and Smith 1987) . Before 1930, the insectÕs distribution was limited to the adjacent areas of Colorado, Kansas, and Nebraska, where it became a pest of continuous corn production. Root injury was reported in southwestern Nebraska in 1929 and 1930 (Tate and Bare 1946 . From 1930 From to 1955 , the rootworm expanded eastward at an average of 20 km/yr and by the mid-1940s, severe damage to corn was found in central Nebraska. Over the past 50 yr, the rate of eastward expansion increased to an average of 40 km/yr, and the current distribution of D. v. virgifera extends to the East Coast ). The Þrst established population of western corn rootworm in Europe was detected near Belgrade, Serbia, in 1992 which has expanded to include parts of 11 countries, extending from Austria to the Ukraine and from Southern Poland to Northern Bulgaria (Ciosi et al. 2008a,b) .
Cyclodiene insecticides were widely used as soil insecticides for rootworm management throughout the 1950s and early 1960s. By 1959, almost 1,000 metric tons of aldrin had been applied as a soil insecticide in Nebraska alone (Ball 1983) . Failures to control rootworms with these compounds were Þrst noted in Nebraska in 1959 (Roselle et al. 1959) , and further evaluations revealed the magnitude and rapid development of resistance (Roselle et al. 1960 (Roselle et al. , 1961 . Differences in susceptibility as high as 1,000-fold were detected among Þeld populations in Nebraska and provided the Þrst direct evidence for the evolution of resistance (Ball and Weekman 1962, 1963) . The development of cyclodiene resistance coincided with the rapid eastward range expansion of this pest. All tested populations east of the Missouri River in the United States have been and continue to be highly resistant to cyclodiene insecticides (Siegfried and Mullin 1989; Parimi et al. 2006; B.D.S., unpublished data) . Furthermore, a recent investigation of cyclodiene susceptibility among invasive European populations has revealed that among nine Þeld populations examined, all were highly resistant to aldrin (Ciosi et al. 2008a ).
An alternative strategy for chemical control of western corn rootworm involves aerial application of insecticides (carbamates and organophosphates) that mainly targets adult females to reduce oviposition and economic damage by the subsequent generation (Pruess et al. 1974 ). This practice became widely adopted in certain areas of the western Corn Belt (Meinke et al. 1998) , and in some areas of Nebraska, aerially applied Penncap-M (methyl-parathion) was used almost exclusively (Meinke et al. 1997) over relatively large areas and in consecutive years. Control failures of aerially applied methyl-parathion were Þrst reported in the early 1990s, and resistance was documented in rootworm adults from several Nebraska populations (Meinke et al. 1998 , Zhou et al. 2002 , Parimi et al. 2006 . The distribution of resistant rootworms was initially restricted to areas of the state where adult management had been practiced for Ͼ10 yr, whereas in areas relying on soil insecticides and crop rotation, the beetles remained susceptible.
High levels of resistance to these insecticides have persisted among rootworm populations in Nebraska, although selective pressures have changed dramatically as a result of changing management strategies. Cyclodiene insecticides were banned from use in the United States in 1972 because of their extreme persistence and widespread environmental contamination. Adult management with microencapsulated methyl-parathion was largely replaced by crop rotation and soil insecticides in the mid-1990s (Parimi et al. 2006 ) and more recently transgenic Bacillus thuringiensis (Bt) maize for rootworm control has become widely adopted ). The traits of resistance to both aldrin and methyl-parathion remain relatively stable although considerable variation in susceptibility among populations over relatively short distances (Ͻ50 km) has been detected in Nebraska (Ball and Weekman 1963; Meinke et al. 1998; Parimi et al. 2006; B.D.S., unpublished data) . The well-documented history of the development and spread of resistance to the two different insecticide classes in this species may provide important information related to the movement of resistance conferring genes as well as population genetic structure.
Population genetic structure plays a central role in the evolution of insecticide resistance (McKenzie 1996, Hartl and Clark 2007) and has become an essential component of resistance management strategies for transgenic Bt crops. Various genetic markers have been developed and used to study genetic diversity, phylogeny, and population genetics of the western corn rootworm (Krysan et al. 1989 , Simon et al. 1994 , Szalanski and Powers 1996 , Szalanski et al. 2000 , Clark et al. 2001a , Eben and Espinosa de los Monteros 2004 , Gillespie et al. 2004 , Kim and Sappington 2005b , Miller et al. 2007 , Kim et al. 2007 , Kim et al. 2008a , Coates et al. 2009 ). Low levels of genetic differentiation among rootworm populations have been reported for populations from west Texas to the northeastern United States (Szalanski et al. 1999 , Kim and Sappington 2005a , Miller et al. 2006 . However, Kim and Sappington (2005a) found that populations from Dodge City, KS, and Champaign, IL, were somewhat isolated from the others. In a later study on genetic variation associated with crop-rotation tolerance, Miller et al. (2006) used both microsatellite and ampliÞed fragment-length polymorphism markers and detected low but signiÞcant genetic differentiation between the rotation tolerant populations from Illinois and wild-type populations from Iowa. Multiple invasive events across the Atlantic Ocean and into Europe by the rootworm also have been inferred from microsatellite markers (Miller et al. 2005 , Ciosi et al. 2008b where at least three direct introductions from North America into Europe and two intra-European introductions were identiÞed.
Western corn rootworm populations throughout the Corn Belt are infected with a Rickettsia-like bacterium in the genus of Wolbachia (Degrugillier et al. 1991 , Giordano et al. 1997 , Clark et al. 2001b ). These intracellular bacteria are grouped together phylogenetically (Division A; Giordano et al. 1997 , Clark et al. 2001b , Segura-Leon 2004 and induce unidirectional cytoplasmic incompatibility between infected males and uninfected females (Giordano et al. 1997) . It has been suggested that Wolbachia-induced cytoplasmic incompatibility may have the potential to drive beneÞcial genes within pest populations (Sinkins and OÕNeill 2000) .
In this study, we used 11 microsatellite markers to reveal genetic differentiation of rootworm populations that exhibit signiÞcant variation in resistance to aldrin and methyl-parathion. We hypothesize that variable selection pressures, as inferred from insecticide resistance status, shape the genetic structure of rootworm populations. We report estimates of genetic diversity and differentiation between populations with varying levels of insecticide susceptibility that are separated by different geographic distances. In addition, the Wolbachia infection status for each population was assessed to evaluate its possible role in genetic differentiation.
Materials and Methods
Sample Collection. Adult western corn rootworms were collected from corn plants at four sites in southeastern Nebraska and one site in southeastern Arizona (Fig. 1) . Population samples (Polk and Stromsburg) from York Co. were selected to represent major corn production regions in Nebraska where cyclodiene and organophosphate insecticides have been used extensively and where resistant populations are well documented (Ball and Weekman 1963, Meinke et al. 1998) . Susceptible populations (Clay Center and Mead) were previously identiÞed from University of Nebraska research and extension farms, based on survival at diagnostic level insecticide bioassays for both aldrin and methyl-parathion (B.D.S., unpublished data). The population from Safford, AZ, represents a population that is separated from the major U.S. corngrowing areas and is in proximity to the proposed ancestral origin of the species in Central America (Krysan and Smith 1987) .
DNA was extracted individually from fresh beetles or freshly frozen beetles stored at Ϫ80ЊC, by sodium dodecyl sulfate extraction methods (Chen at al. 2010 ). For insecticide bioassays, Þeld-collected beetles were maintained on fresh sweet corn ears under ambient conditions of light and humidity for 2Ð3 d before bioassays.
Microsatellite Genotyping. For each population, 50 beetles were individually genotyped at 11 microsatellite loci, including DVV-D2, DVV-D4, DVV-D5, DVV-D8, DVV-D9, DVV-D10, DVV-D11, DVV-T2, DVV-T3, Dba05, and Dba07 (Kim and Sappington 2005b , Waits and Stolz 2008 , and genotyping was conducted using a CEQ 8000 Genetic Analysis System (Beckman Coulter, Fullerton, CA). Master mixes from Thermo Fisher ScientiÞc (1.1X, Epsom, Surrey, UK) or Phusion (Finnzymes OY, Keilaranta, Espoo, Finland) were used for polymerase chain reaction (PCR) ampliÞcations of the microsatellites. For each locus, up to three PCR reactions were attempted, and if still unsuccessful, the locus was recorded as unknown.
Microsatellite Data Analyses. Raw data from the CEQ were checked for accuracy with the program MICRO-CHECKER (Oosterhout et al. 2004 ). Microsatellite polymorphism (number of alleles and heterozygosity per locus), inbreeding coefÞcients (F is ), HardyÐWeinberg equilibrium (HWE) and linkage disequilibrium were calculated or tested using GENEPOP (Raymond and Rousset 1995) . Conformance with HWE was tested for each locus and population, and the Bonferroni correction was applied for multiple comparisons. The F is statistics and probability test were used to determine whether distortion from HWE resulted from deÞcient or excessive heterozygosity. Because the probability test is robust to low allele frequencies, rare alleles were not pooled. Variation in heterozygosity among populations was tested for signiÞcance using analysis of variance (ANOVA) with population, individual, locus, interactions of loci, and individuals as factors (Weir 1990 ). All factors except locus were treated as random effects. Likelihood and probability tests were performed to detect genotypic linkage disequilibrium for pairs of loci in each population (Raymond and Rousset 1995) .
To identify genetic structure among the populations, F-statistics (F ST ) of overall, pairwise, and between-population groups (NE versus AZ, Polk and Stromsburg [high resistance frequencies] versus Clay Center and Mead [low resistance frequencies]) and isolation-by-distance effects were estimated and tested using FSTAT (Goudet 1995) or GENEPOP (Raymond and Rousset 1995) . The standard deviations of F ST were obtained for each locus by a jackknife procedure over all the alleles, and these deviations were used to test for statistical signiÞcance. Genetic differentiation between population groups was analyzed by ANOVA. The isolation-by-distance model was tested by linear regression of pairwise F ST /(1 Ϫ F ST ) values against the natural logarithm of straightline geographic distance between pairs of sampling sites (Rousset 1997) . Statistical signiÞcance of the regression was tested using the Mantel test with 2000 permutations. The pairwise geographic distance ranged from 19 to 1,490 km. A dendrogram with bootstrap conÞdence values was created based on the pairwise genetic distances using the unweighted pair group method with arithmetic average in TFPGA (Miller 1997) .
Insecticide Bioassays. The bioassays with diagnostic concentrations of aldrin (Ciosi et al. 2008a ) and methyl-parathion (Zhou et al. 2002) , based on lethal concentration (LC) 99 for a susceptible laboratory strain, were conducted in 20-ml insecticide-coated glass scintillation vials (VWR, West Chester, PA), with 10 beetles per vial. Bioassays were replicated 10 times for each population. SigniÞcance of Pearson correlation between population mortalities and observed heterozygosities was tested for the two chemicals by using MINITAB 15 (Minitab, Inc. 2007; www.minitab. com) .
Wolbachia Diagnosis and Strain Identification. DNA from individual rootworm adults was screened for infection using the 99 F and 994R 16S rRNA primers to amplify an Ϸ800-bp band speciÞc to Wolbachia (OÕNeill et al. 1992 , Giordano et al. 1997 , Clark et al. 2001b ). All diagnostic reactions had both a positive control using DNA from beetles of a Wolbachia-infected nondiapause laboratory colony (Giordano et al. 1997 ) and a negative control with molecular-grade water instead of DNA. Because the 99 F/994R primers tended to give a high rate of false negatives in PCR reactions for the DNA samples from Nebraska, especially those at concentrations lower than 100 ng/l, two additional sets of Wolbachia-speciÞc primers, ftsZf1/ftsZr1 (Ϸ1,050 bp; Werren 1997) and wsp81 F/wsp691R (Ϸ600 bp; Jeyaprakash and Hoy 2000), were used, respectively, to verify the negatives diagnosed by primers 99 F/994R. To identify the Wolbachia strain infecting beetle populations from Nebraska, the PCR amplicons (ftsZf1/ftsZr1, Ϸ960 bp and wsp81 F/wsp691R, Ϸ600 bp) from single-beetle DNA samples were sequenced in both directions by using a GenomeLab DTCS kit and a CEQ 8000 DNA Analyzer (Beckman Coulter). The ftsZ and wsp PCR products were puriÞed from 0.5% agarose gel with an Illustra GFX PCR DNA and Gel Band PuriÞcation kit (GE Healthcare, Little Chalfont, United Kingdom). For each population from Nebraska, two to three individual DNA samples were randomly selected and sequenced. Sequences obtained in this study and previous publications (Giordano et al. 1997 , Clark et al. 2001b , Segura-Leon 2004 , Roehrdanz and Levine 2007 were aligned and compared using the BioEdit 7 software (Hall 1999) .
Results
Genetic Diversity, HWE and Linkage Disequilibrium. Population genetic diversity, as measured by the number of alleles and expected heterozygosity, indicates that the DVV-D8 locus was the most polymorphic marker, whereas loci DVV-D9 and DVV-T3 were the least polymorphic (Table 1 ). The average number of alleles over the 11 markers ranged from 4.7 to 6.7 per locus and did not vary signiÞcantly among the populations (F ϭ 1.02, df ϭ 4, P Ͼ 0.05). Among the Þve populations, the expected heterozygosity (H e ) over the 11 loci ranged from 0.590 to 0.685 per locus. The observed heterozygosity (H o ) varied signiÞcantly among the populations (0.501 Յ H o Յ 0.736, F ϭ 4.09, df ϭ 4, P Ͻ 0.01; TukeyÕs pairwise comparison, Safford, Clay Center, Mead Ͼ Polk and Stromsburg. The overall analysis, including the 11 loci from Þve populations, indicated that the genotypic frequencies did not conform to HWE (P Ͻ 0.0001) due to heterozygote deficits at six loci (DVV-D4, DVV-D5, DVV-D8, DVV-D10, DVV-T2, and Dba05; P Ͻ 0.05) and in four populations (Polk, Stromsburg, Clay Center, and Safford; P Ͻ 0.05). The likelihood and probability tests revealed that 12 and 16 of 275 (Þve populations ϫ 55 pairs among the 11 loci) possible pairs (4.4 Ð5.8%) exhibited a low level of linkage disequilibrium among the 11 loci that were scored.
Population Genetic Structure and Isolation by Distance. Low, but signiÞcant, genetic differentiation was detected between Nebraska and Arizona populations (F ST ϭ 0.059, P Ͻ 0.01) and between the resistant (Polk and Stromsburg) versus susceptible (Mead and Clay Center) populations within Nebraska (F ST ϭ 0.016, P Ͻ 0.01) (Tables 2 and 3) . No signiÞcant genetic differentiation was detected between populations within the resistant and susceptible groupings (Polk versus Stromsburg, F ST ϭ Ϫ0.0055, P Ͼ 0.05; Mead versus Clay Center, F ST ϭ 0.002, P Ͼ 0.05). (Fig. 2) , indicating little distance effect on their genetic structure within the state. With high bootstrap values (Ͼ50%), Polk and Stromsburg, Mead, and Clay Center were grouped, respectively, among the four Nebraska populations, whereas the population from Safford, AZ, was clearly more distantly related to the Nebraska populations than the latter were to each other. (Fig. 3) .
Correlations Between Observed Heterozygosities and Mortalities by Insecticides. For both aldrin and methyl-parathion, mortality determined by diagnostic bioassays (Table 4 ) was signiÞcantly and positively correlated with the average observed heterozygosities (Table 1) in the populations (for aldrin, r ϭ 0.863, P Ͻ 0.001; for methyl-parathion, r ϭ 0.840, P Ͻ 0.001), respectively. Such a signiÞcant correlation between observed heterozygosity of a single locus and mortality also existed at DVV-D4, DVV-D8, DVV-D10, and DVV-T2 for aldrin and at DVV-D2, DVV-T2, DVV-T3, Dba05, and Dba07 for methyl-parathion across the populations (r ϭ 0.887Ð 0.966, P Ͻ 0.05).
Wolbachia Infection. Wolbachia was not detected in the population from Safford, AZ, but it was present in all individuals of the four Nebraska populations. Identical FtsZ and wsp sequences (Table 5) were found in all sequenced individual beetles, indicating a single strain of Wolbachia infecting the Nebraska populations and a lack of cytoplasmic incompatibility within and between Nebraska populations. Compared with Wolbachia sequences previously identiÞed from D. v. virgifera adults and deposited in GenBank (Table  5) , only 3-bp differences for FtsZ (Ϸ 960 bp) and only 1-bp difference in the (Ϸ600 bp) wsp fragments were observed.
Discussion
Analysis of microsatellite markers from western corn rootworms revealed signiÞcant genetic differentiation between populations with high levels of resistance (Polk and Stromsburg) relative to susceptible populations (Saunders and Clay), with a moderate loss of genetic diversity in the more resistant populations (15Ð32% lower H o in Polk and Stromsburg; Table 1 ). A signiÞcant correlation between the observed heterozygosities and insecticide susceptibility, based on diagnostic bioassays, suggests that selection for insecticide resistance has shaped the genetic structure of western corn rootworm populations in Nebraska. However, it was not possible to determine the relative inßuence of organophosphate versus cyclodiene resistance because the Polk and Stromberg populations were highly resistant to both insecticide classes. The reduction of genetic diversity in the more resistant populations seemed to be genome-wide, but with various intensities at different loci. The lowest and highest losses of genetic diversity were 14.2% at DVV-D4 and Dba-07 and 42.9% at DVV-D10, respectively, as measured by the average number of alleles; and 2.8% at Dba-07 and 46.2% at DVV-T2 as revealed by the observed heterozygosities.
The positive correlations between observed heterozygosity and insecticide susceptibility may be attributable to a bottleneck experienced during selec- tion for resistance during the time when the insecticides were driving local populations to low numbers. Such a bottleneck would affect genetic diversity across neutral loci, resulting in the observed patterns of correlation. The estimated gene ßow between the York Co. populations (Polk or Stromsburg) and the two more susceptible populations (Clay Center or Mead) ranged between 1.5 and 2.0 individual per generation, limited enough to prevent restoration of diversity in York Co. after cessation of selection from cyclodiene insecticides or perhaps more likely, the later aerial applications of organophosphates that maintained low populations and therefore, genetic bottlenecks. An alternative explanation for the positive correlations between observed heterozygosities and insecticide susceptibility is a hitchhiking effect associated with the insecticide selections whereby microsatellite allele frequencies change due to selection operating upon linked genes that confer insecticide resistance. However, given that the pattern was observed across several loci, such an explanation seems unlikely.
Overall, the 11 microsatellite loci in the resistant populations lost 15Ð32% genetic diversity compared with the susceptible populations in Nebraska. A reexamination of recent studies of D. v. virgifera population genetics that used microsatellite markers (Kim and Sappington 2005a , Miller et al. 2006 , Ciosi et al. 2008b indicates that genetic diversity is also reduced in populations from the Corn Belt and Europe relative to populations derived from the southwestern United States and Mexico. The latter may be more representative of the purported area of origin (Melhus et al. 1954, Krysan and Smith 1987) . Given that there is no evidence of a genetic bottleneck in North American populations, as inferred from rDNA internal transcribed spacer 1, mitochondrial DNA, and microsatellite markers (Szalanski et al. 1999, Kim and Sappington 2005b) , several factors may contribute to reduced genetic diversity, including insecticide selection as revealed by the current study.
Although resistance to cyclodiene insecticides in western corn rootworm has persisted among populations throughout the Corn Belt (Metcalf 1986 ), considerable variation in resistance levels among Þeld populations has been observed (Parimi et al. 2003; B.D.S., unpublished data) . Moreover, cyclodiene resistance may be declining in frequency, intensity, or both in certain areas. From 1952 to 1961, aldrin at the rate of 2.24 kg (AI)/ha (equivalent to 0.5 ppm in top soil of 16.7 cm in depth per application) was recommended and used as a soil insecticide to control rootworms in Nebraska (Ball 1983) . Considerable residues of aldrin and its epoxide, dieldrin, were consistently detected in Nebraska soil for several years after soil treatments were discontinued. However, the half life of Ͻ2.5 yr for aldrin and Ϸ5 yr for dieldrin in temperate soil (Edwards 1966 , IPCS 1989 ) suggests a signiÞcant loss of residues over time, resulting in reduced selective pressures. Ball (1983) reported that the maximum residues of aldrin and dieldrin had decreased to 0.02 and 0.31 ppm, respectively, in Nebraska soil samples by 1973. More recent analyses from Nebraska soils in 2008 and 2009 suggest soil residues are Ͻ0.002 ppm for aldrin and 0.006 ppm for dieldrin (B.D.S., unpublished data). Although cyclodiene soil residues may have caused selection even after their use was discontinued, it seems unlikely that the high-level resistance observed among rootworms can be explained solely on the basis of exposure to soil residues. Relative to the concentrations (Ͼ0.5 ppm) that initially selected for resistance in rootworms (Ball 1983) , it is likely that the selection posed by the current soil residues should have been much reduced.
For methyl-parathion resistance, the distribution of resistant populations is generally correlated with areas where aerial application to suppress adult populations had been intensively practiced for Ͼ10 yr (Zhou et al. 2002) . Although both the intensity and geographic range of resistance in rootworms has changed over time, probably due to movement of resistant beetles into areas where adult management had not been practiced (Parimi et al. 2003) , populations susceptible to methyl-parathion still exist in proximity to resistant populations (Meinke et al. 1998 ).
Although the relative roles of initial selection for resistance and the subsequent changes in selection associated with alternative management approaches, our results support the general conclusion that insecticide selection has the potential to shape the genetic structure of rootworm populations. Moreover, these results suggest strongly that such Þtness disadvantages associated with resistance to cyclodiene and methylparathion are relatively minor. Evidence for selection against resistant phenotypes is inferred from changes in the frequency of resistance in natural populations after changing patterns of insecticide use (Metcalf 1990 ). For both cyclodiene and methyl-parathion resistance, such changes seem to be exceedingly slow but may be contributing to the genetic structure observed in this study. Alternatively, the genetic structuring observed in Nebraska may be a remnant of genetic bottlenecks experienced during selection for resistance and a low rate of immigration from susceptible populations.
Cytoplasmic incompatibility caused by Wolbachia infection has been suggested to be primary factors both in speciation between the infected western corn rootworm and uninfected Mexican corn rootworms (Szalanski et al. 1999 ) and in separation of northern corn rootworm populations infested by two different strains (Roehrdanz and Levine 2007) . The absence of Wolbachia infection in the Arizona population is consistent with results from a previous study (Giordano et al. 1997) . The identical sequences of fragments of ftsZ and wsp genes suggest that the same strain of Wolbachia infects all the populations from Nebraska sampled in this study. Given the infection of all beetles sampled, the reproductive incompatibility caused by Wolbachia (Giordano et al. 1997) should neither disrupt random mating within the populations nor be a breeding barrier among the Nebraskan populations. Therefore, Wolbachia infection can be ruled out as a factor inßuencing the levels of insecticide resistance between beetle populations and causing the genetic differentiation between the resistant and susceptible populations of western corn rootworm. These results also support the conclusions of Ciosi et al. (2008) who reported that Arizona rootworm populations are genetically distinct from other Corn Belt populations. The absence of Wolbachia infection from the Arizona population and complete infection of Nebraska populations may be just as important as the large geographic distance that separates them. Giordano et al. (1997) proposed that Wolbachia infection for D. virgifera spp. probably originated in northwest Mexico or in New Mexico or western Texas. It is unclear how the Arizona populations became free of Wolbachia infection and a more thorough examination of populations from the southwestern United States is needed to gain a better understanding of genetic structure and Wolbachia infection.
Our results support that genetic differentiation exists between western corn rootworm populations that are resistant and susceptible to both aldrin and methyl-parathion in Nebraska and between the rootworm populations from Nebraska and Arizona. Within Nebraska, such genetic differentiation between the resistant and susceptible populations may be the result of insecticide selection because other factors such as isolation by distance, geographic barriers to gene ßow, and reproductive incompatibility due to Wolbachia infection do not exist for the studied populations. Between Nebraska and Arizona, isolation by distance seems to contribute the most to the genetic structuring of the beetle populations and may be enhanced by the Wolbachia-induced incompatibility. Such information may provide insight into the evolution of insecticide resistance in western corn rootworm.
